ABSTRACT Bacteriophage fd gene 2 was cloned in plasmid pBR325. Cells carrying the hybrid plasmid produce about 200 times more enzymatically active fd gene 2 protein than did cells infected with phage fd wild type, as measured by replication of phage fd replicative form I in vitro. Cloned gene 2 supports replication of an artificial phage fd miniplasmid consisting of the origin of bacteriophage fd replication and a gene coding for kanamycin resistance. This plasmid occurs in high copy numbers and is viable only in cells carrying the cloned fd gene 2 or in cells infected with phage fd. Because the miniplasmid is not propagated in natural hosts, it can be considered a safe cloning vector. Its fusion with the gene 2 hybrid plasmid provides an autonomous replicon independent of the poLA function of the host cell. fd gene 2 is the only phage-encoded trans-acting function required for replication of double-stranded fd DNA in vivo.
Gene 2 protein of bacteriophage fd is a key enzyme for DNA replication of the phage. It is a specific endonuclease that cleaves supercoiled phage fd DNA at a unique site in the viral strand (1) , thus creating the origin of viral strand replication (2) . Furthermore, gene 2 protein provides a topoisomerase activity for specific relaxation of fd replicative form I DNA (RFI; covalently closed, circular, and superhelical) (3) . It is involved in initiation of unwinding of the fd double strands and cleavage and circularization of the replicating viral strands (4) . Gene 2 protein could be isolated in amounts of only 10 Phages fd amll (gene 2 amber), fd am5l (gene 5 amber) (2), and phages fd 11 and fd 106 (7) have been described. Phage fd 11 carries an EcoRI restriction endonuclease site between gene 2 and the origin ofreplication at position 5830/1 in the fd genome; phage fd 106 is a cloning vector bearing an insertion ofthe genes for kanamycin (Km) and chloramphenicol (Cm) resistance at position 5572/3. Plasmid pBR325 has been described (6) and its physical structure has been analyzed (8) .
Isolation of DNA. The isolation ofplasmids (9) was modified as follows: After lysozyme treatment urea instead of Triton X-100 was added to a final concentration of 2 M to achieve complete lysis. No additional salt was required for polyethylene glycol precipitation of the nucleic acids. Phage fd RFI to be cleaved by Atu I restriction endonuclease was isolated as described (2) from strain GM48 F+ (6, 10) .
Enzymes. Restriction endonucleases (except Atu I) were from commercial sources (BRL; Boehringer Mannheim). Phage T4 DNA ligase was isolated from the overproducing strain 1100(A2m dT4 lig) (11) . E. coli DNA polymerase I was purified as described (2) . To purify Atu I restriction enzyme (12) cells ofAgrobacterium tumefaciens strain B6 were mechanically opened and the homogenate was fractionated with polyethyleneimine and ammonium sulfate, and subsequent chromatography on BioRex7O, DEAE-cellulose, Ultrogel AcA 34, and hydroxyapatite. The preparation contained residual amounts of a single-strand specific endonuclease (12) .
Plasmid Construction. In general, DNA (25 ,ug/ml) was cleaved by restriction endonucleases in 20 ,ul ofbuffer containing 20 mM Tris-HCl at pH 7.5/10 mM MgCl2/L mM 2-mercaptoethanol. Reaction mixtures with Atu I endonuclease additionally contained bovine serum albumin at 500 ,ug/ml.
Incubation was carried out for 1 hr at 35C and the reaction was terminated by heating to 70°C for 10 min.
Heat-stable enzymes were removed by dilution of the reaction mixture with H20 to 100 ,ul and subsequent phenol treatment. The aqueous phase was applied to a Ultrogel AcA 54 column equilibrated with H20. The exclusion volume was collected and lyophilized.
Gap filling was carried out with 20 ng of E. coli DNA polymerase I for 500 ng of DNA in 100 ,ul ofbuffer under conditions described elsewhere (13 (Fig. 1 ). An EcoRI! Atu I restriction fragment bearing the entire nucleotide sequence for only gene 2 was derived from fd 11 RFI DNA (7) . Its insertion into the EcoRI/HindIII sites of plasmid pBR325 (6, 8) Step III: T4 ligase A i A
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Step (Fig. 1) (7) was fused to an EcoRI/BamHI fragment of fd 106 (map not shown) (7) encoding Km resistance and the 3' end of the Cm resistance gene. H403(pTM12) cells were transformed with this hybrid DNA and selected for Km resistance.
Step I: Atu I Proc. Nad Acad. Cm-sensitive cells harbored the miniplasmid, designated pfdAl (Figs. 4 and 5) .
Properties of the Miniplasmid. Plasmid pfdAl bears the fd origin as the only functional origin ofreplication and no fd structural genes. Consequently it is viable only in strains synthesizing gene 2 protein-i.e., H403(pTM12) or fd-infected cells (Table 1) . H517(pTM12, rep-) cells do not support replication of pfdAl in accordance with the requirements of phage fd RF replication (ref. 18 , unpublished data).
Plasmid DNA isolated from H403(pTM12, pfdAl) cells contains both species of plasmids, as expected (Fig. 5) . The high copy nature of pfdAl is reflected in the increased intensity of the plasmid band in the gel. It can also be seen that plasmids pTM12 and pfdAl do not extensively form cointegrates in vivo. The absence of in vivo cointegrate formation is confirmed by the failure ofplasmid DNA from H403(pTM12, pfdAl) to transform H517 (rep-) cells to Km resistance (Table 1) , because pfdAl cannot be maintained under rep-conditions other than as a fusion to the rep-independent plasmid pTM12.
F+ cells containing pTM12 together with pfdAl cannot be infected with phage fd (Table 1 ). The reason for this is not known, but it might rely on the insufficient formation of F pili. On the other hand, plasmid pfdAl can be transferred to fd-infected cells, where it is maintained as a separate replicon. It is, however, not packaged into infectious particles, even though efficient packaging of the helper phage itself takes place (Fig.  6) . Thus, the 261-base pair segment in pfdAl that originates from the intergenic region of phage fd does not supply a sufficient packaging function. By inserting an additional segment harboring the packaging signal ofphage fd this property can be conferred to the miniplasmid (unpublished data).
The characteristics of pfdAl suggest that'it could be used as a safe cloning vector, because it cannot be packaged and can be propagated only in cells containing a source offd gene 2 protein. (2) .
Construction of-a Hybrid Plasmid Bearing the Phage fd Origin and fd Gene 2. Because plasmid pTM12 supplies a function for replication ofpfdAl we fused together the two replicons. This was done by cleavage of both plasmids with EcoRI endonuclease and subsequent ligation of the fragments with T4 ligase. In one orientation Cm resistance should be restored because the two plasmids carry complementary sections ofthe Cm gene (Figs. 1 and 4) . Thus cells were transformed with the ligated DNA and selected for Cm resistance. The fused plasmids formed a new replicon,.termed pfdCO, which has the expected size and bears four antibiotic resistances (Km, Cm, Ap, Tc). It can be propagated in H517 (rep-) and in H570 (polA-) cells, indicating two functional origins of replication in pfdCO: that of bacteriophage fd and the ColEI origin of pBR325. Its reduction to a smaller size should increase its desirability. as a convenient cloning vector. bearing an autonomous replicative unit of bacteriophage fdR DISCUSSION Cloning of DNA segments of the E. coli phages on plasmids often interferes with the metabolism of the E. coli cell. Maintenance of fragments with strong E. coli phage T7'promoters has been.achieved in the Gram-positive Staphylococcus aureus (19) . Successful cloning of intact genes of small bacteriophages' has been shown for gene G of phage 4X174, although complementation experiments have shown that interference of the gene product with phage growth results in a small burst size (20) .
We have succeeded in the molecular cloning ofphage fd gene 2. Cells containing fd gene 2 cloned in pBR325 produce high levels of gene 2 protein, which can be measured in partially purified cell extracts. Gene 2 protein purified to homogeneity from such an overproducer has the same properties as functional gene 2 protein isolated'from phage fd-infected cells. It is also active in vitro in a system for fd RF replication (unpublished data)., Our experiments have shown that a plasmid carrying the origin of fd replication can be maintained in cells with cloned gene 2. Gene 2 protein therefore is the sole trans-acting function offd required for RF propagation, although a possible role played by the X protein, whose gene is encoded within gene 2 (16) , cannot be discounted. Gene 3 protein, thought to be a pilot protein guiding phage RF replication to the cell'membrane (21), is not required for cellular phage fd RF synthesis on the basis of our results.
Recently several replication origins of small bacteriophages have been cloned and shown to be active in vivo and in vitro. The phage G4 origin was inserted into phage M13 (22) , the phage 4X174 (23) .and the phage M13 origin (24) were inserted into plasmid pBR322, and the phage fl origin was duplicated in the fl genome (25) . Also, filamentous phages spontaneously produce small double-stranded DNA molecules and miniphages in vivo, which bear the origin ofreplication, but no functional genes (26, 27) . In this paper we have demonstrated that the cloned fd origin can be made functional by the cloned gene 2 of bacteriophage fd in vivo.
We believe that the miniplasmid is adesirable candidate on which to base development of an improved cloning vector. (i) The vector is safe by virtue of the inability of pfdAl to be packaged into infectious particles. Its dependence on the presence of the foreign gene 2 limits its existence to its intended host.
(ii) The pfdCO plasmid consists of an autonomous replicon, which is independentof the host polA function. (29) , hybridization experiments, and any other manipulation requiring large quantities of single-stranded genome.
